Abstract-This paper presents a novel design of dual polarized space-fed antenna arrays with broad bandwidth and high isolation between two orthogonal ports. The dual polarized space-fed antenna arrays are designed with bottom radiating element electromagnetically coupled to two orthogonal open microstrip lines and top parasitic elements excited by the radiation from bottom radiating element, without any feed network for array elements excitation. Two space-fed antenna arrays with 7 and 19 parasitic elements, respectively, have been designed for 5.8 GHz frequency band and their performances are analyzed. The dual polarized space-fed array with 19 parasitic elements has been fabricated, and its performance is measured. The measured impedance bandwidth is 10.7%, isolation ≥ 32 dB between two orthogonal ports over entire bandwidth, maximum gain of 17.8 dBi and cross-polar levels ≤ −29 dB.
INTRODUCTION
With increasing demand of bandwidth intensive services for wireless communication and network systems, there is emphasis on improving link reliability and channel capacity of these systems. To achieve this, various diversity techniques have been proposed. Two diversity techniques, i.e., space and polarization diversity, are employed using antennas. In space diversity, multiple antennas are used for transmission and reception. The polarization diversity is achieved using two orthogonal ports of the same antenna. With miniaturization of communication systems and devices, the polarization diversity has become attractive as it requires less space than space diversity.
The dual polarized antennas are used in cellular base stations, multiple input multiple output (MIMO) systems for WiMAX applications and in radar systems [1] [2] [3] [4] [5] . Use of polarization diversity in MIMO system provides improved multiplexing gains, especially in Rayleigh fading channels and in the presence of high transmit fading signal correlation [2] . Dual polarized antennas for MIMO systems also provide improved channel capacity as compared to single polarized antennas [3] . The dual polarized antennas are used in radars to get information in horizontal and vertical planes simultaneously [4, 5] .
To cater for these requirements, it is important to achieve broad bandwidth and high isolation between two orthogonal ports in dual polarized antennas. Various feed techniques of dual polarized antennas such as capacitive probe feed, aperture coupled, gap feed and hybrid feed have been proposed to achieve broad bandwidth and to improve isolation between two orthogonal ports [6] [7] [8] [9] [10] [11] [12] [13] . A dual polarized antenna with two L-shaped probes achieves maximum isolation of 20 dB [6] . Antenna with dual meandering probes has impedance bandwidth of 26% with isolation ≥ 25 dB [7] . To improve isolation of aperture coupled antennas, various configurations with different slot shapes have been proposed. In [8] , dog bone shaped slots are used, which results in better coupling to radiating element and reduction in slot dimension achieving isolation ≥ 30 dB. Dual polarized antenna with 'H' shaped coupling slots arranged in 'T' configuration [9] and with modified 'H' shaped slots [10] have been proposed achieving isolation ≥ 30 dB. However, aperture coupled antennas have high back lobe radiation due to microstrip feed network placed at the bottom of the ground plane. The back lobe radiation can be suppressed by placing an additional layer with reflector at the bottom of feed network, but the isolation between two ports is reduced due to reflection from reflector. The dual polarized antennas have also been designed using coaxial feed for one port and aperture coupled feed for second port. These antenna configurations have isolation ≥ 30 dB, but the cross-polar levels are ≤ −20 dB. In [13] , dual polarized antenna is designed using gap-fed microstrip radiating element achieving isolation ≥ 30 dB and impedance bandwidth of 5% at 14.9 GHz.
To achieve higher gain and narrow beam coverage, various designs of dual polarized antenna arrays have been proposed [14] [15] [16] [17] [18] [19] [20] [21] . Array of 16 corner-fed microstrip elements with feed network has been proposed in [14] , achieving impedance bandwidth of 4%, isolation ≥ 30 dB and cross-polar levels ≤ −22 dB. A broadband dual polarized microstrip antenna array with slot coupled feed and microstrip line feed for two polarizations is proposed in [15] . The 4 element array achieves bandwidth of 14% with isolation ≥ 30 dB and cross-polar levels ≤ −20 dB. In [16] , the 2 × 1 L-probe stacked patch array is designed with dual feed network to suppress the coupling. The antenna array achieves bandwidth of 19.8% for return loss ≤ 14 dB and isolation ≥ 36 dB, however the cross-polar levels are poor due to radiation from feed network. The 16 element planar array with radiating elements and matching network designed on two substrate layers has been proposed in [17] , achieving isolation ≥ 40 dB. In [18] , 36 element dual polarized planar antenna array is proposed using electromagnetically coupled elements and feed network, achieving impedance bandwidth ≥ 26% and isolation ≥ 30 dB. The 4×2 dual polarized shared aperture antenna array is designed in [19] , using linear and bent slots achieving ≥ 30 dB isolation and cross-polar levels ≤ −25 dB. In [20] , 2 × 2 dual polarized antenna array for LTE frequency band has been designed using planar structures on single substrate with isolation ≥ 30 dB and cross-polar levels ≤ −22 dB. The 16 × 1 dual polarized array for Wi-Fi/WiMAX, with bottom rectangular elements and top parasitic cones has been proposed in [21] . The antenna array has 20% bandwidth with isolation ≥ 20 dB and cross-polar levels ≤ −19.2 dB.
In this paper, design of broadband dual polarized antenna array is proposed using top layer parasitic elements excited by radiation from bottom radiating element to achieve high gain. The bottom radiating element is electromagnetically coupled to two orthogonal microstrip feed lines for dual polarization. The proposed antenna design results in improved isolation as no feed network is used for the design of high gain arrays.
DUAL POLARIZED SPACE-FED ANTENNA ARRAY DESIGN
The dual polarized space-fed antenna arrays are designed using circular microstrip antenna (CMSA) for 5.8 GHz frequency band. The dual polarized space-fed antenna array consists of two substrate layers. Bottom substrate layer of r = 2.55, h = 0.787 mm and tan δ = 0.0015 is used for feed design of two orthogonal ports. To reduce cost, glass epoxy substrate of r = 4.4, h = 0.8 mm and tan δ = 0.02 is used for top substrate layer consisting of array of parasitic elements. Two configurations of dual polarized space-fed antenna array are designed with 1 radiating and 7 parasitic elements (1B7T) and 1 radiating and 19 parasitic elements (1B19T).
The configuration of 1B19T dual polarized space-fed antenna array is shown in Figure 1 . Bottom substrate layer consists of two orthogonal open microstrip feed lines of length l 1 and width w 1 placed with a spacing of s from center as shown in Figure 2 . To achieve 50 Ω impedance matching, each microstrip line is connected to a quarter wave transformer of length l 2 and width w 2 . The bottom CMSA radiating element of radius r is placed at a height h 1 from microstrip feed lines in suspended configuration. The CMSA is electromagnetically coupled to two orthogonal microstrip feed lines achieving dual linear polarization. Array of CMSA parasitic elements are designed on a superstrate at a height h 2 from bottom radiating element and are placed in inverted microstrip configuration. For space-fed antenna arrays, as number of elements increases, the parasitic element height is increased to ensure that all the parasitic elements are having sufficient excitation. The array of parasitic elements has one CMSA of radius r 1 at the center and other elements are arranged in a concentric circle around the central element. For 1B7T configuration, 6 CMSA of radius r 2 are arranged in concentric circle at a spacing of s 1 from central element and an equal inter-element angular spacing of φ 1 = 60 degrees among elements. The 1B19T antenna array is designed by placing additional 12 elements of radius r 3 in second concentric circle at a spacing of s 2 from central element and with angular separation of φ 2 = 30 degrees among elements. The dimensions of 1B7T and 1B19T dual polarized space-fed antenna arrays are summarized in Table 1 .
For space-fed antenna array, the parasitic elements are excited by the radiation from bottom radiating element. The distances of parasitic elements arranged at different concentric circles from bottom radiating patch are different, so these are excited with a phase difference. If central parasitic element is placed at a distance h 2 and outer elements in first concentric circle are placed at distance h 3 from bottom radiating element, then the phase difference e θ between them is given by
where λ 0 is free space wavelength and a is the difference in distance between two parasitic elements from bottom radiating element, which is calculated as
where Similarly, the phase difference for the elements in subsequent concentric circles can be calculated. The parasitic elements arranged in concentric circles have advantage that all the elements have same distance from bottom radiating element. This results in same phase difference among all the elements, resulting in simpler phase compensation requirement. In the proposed design, the radius of parasitic elements in outer concentric circles are gradually reduced to achieve phase compensation among all the parasitic elements. The variation of reflection coefficient phase with respect to change in radius of circular element is analyzed as shown in Figure 3 and is used for determining the radius of outer parasitic elements. The parasitic elements with reduced radius have capacitive reflection coefficient phase, which compensates the phase difference in outer parasitic elements. The reflection coefficient phase slope is nonlinear with higher variation at the resonance and low variation for nonresonant radius of circular elements. For phase compensation, the phase difference is calculated and radius of parasitic circular elements in each concentric circle is determined from reflection coefficient phase variation. Since reflection coefficient phase has different variation for different frequencies, the phase compensation is done for center frequency. 
SIMULATED AND MEASURED RESULTS
The 1B7T and 1B19T dual polarized space-fed antenna array configurations are analyzed using IE3D [22] . Simulated S-parameters vs. frequency plots for port1 of 1B7T and 1B19T dual polarized space-fed arrays are shown in Figure 4 (a). The 1B7T antenna array has return loss (RL) ≤ 10 dB from 5.56 to 5.96 GHz, achieving 7% bandwidth. The 1B19T antenna array has RL ≤ 10 dB from 5.58 to 6.22 GHz, achieving 11% bandwidth. The reduction in radius of outer circular parasitic elements in space-fed antenna results in array of staggered resonators, achieving broad bandwidth. The isolation between two orthogonal ports of 1B7T antenna array is ≥ 36 dB and of 1B19T antenna array is ≥ 32 dB over entire bandwidth. Simulated gain vs. frequency plot for port1 of 1B7T and 1B19T dual polarized space-fed arrays are shown in Figure 4 (b). The 1B7T array has maximum gain of 15.3 dBi at 5.8 GHz and 1B19T array has maximum gain of 18.1 dBi at 5.85 GHz. Simulated E and H plane radiation patterns at 5.6 GHz, 5.8 GHz and 6.0 GHz for port1 of 1B7T antenna array with infinite ground plane are shown in Figure 5 . The 1B7T antenna array has half power beam width (HPBW) of approximately 30 degrees in both E and H planes. The cross-polar levels are ≤ −33 dB and side lobe levels (SLL) are ≤ −16 dB in both the planes for entire frequency band. Simulated E and H plane radiation patterns at 5.7 GHz, 5.8 GHz and 6.1 GHz for port1 of 1B19T antenna array with infinite ground plane are shown in Figure 6 . The 1B19T antenna array has HPBW of approximately 18 degrees, cross-polar levels ≤ −30 dB and SLL ≤ −9 dB in both E and H planes for entire frequency band. The E plane radiation pattern of antenna array has small asymmetry due to radiation from bottom microstrip feed lines located at one edge of the radiating element. Variation in SLL is observed due to small difference in reflection coefficient phase across frequency band. The Figure 5 . Simulated E and H plane radiation patterns for port1 of 1B7T dual polarized space-fed antenna array at 5.6 GHz, 5.8 GHz and 6.0 GHz. Figure 6 . Simulated E and H plane radiation patterns for port1 of 1B19T dual polarized space-fed antenna array at 5.7 GHz, 5.8 GHz and 6.1 GHz.
performance characteristics for port2 of antenna arrays are same as that of port1 due to symmetry of antenna configurations. The comparison of performances of 1B7T and 1B19T dual polarized antenna configurations is given in Table 2 .
The 1B19T dual polarized space-fed antenna array is fabricated with a finite ground plane of 200 mm × 200 mm as shown in Figure 7 . To reduce back lobe radiation due to fringing field of top layer parasitic elements, the space-fed antenna arrays are backed by large ground planes. The dual microstrip feed lines with quarter wave transformer are fabricated on bottom substrate. The bottom radiating element is placed in suspended configuration with air gap of 2.5 mm. The array of parasitic elements is fabricated on top substrate and placed in inverted configuration using support of Teflon rods at a height of 3λ 0 /2 from bottom radiating element.
The measured S-parameters vs. frequency plots for port1 of 1B19T dual polarized space-fed antenna array are shown in Figure 8(a) . The antenna has measured RL ≤ 10 dB bandwidth of 620 MHz (5.68 GHz to 6.3 GHz). The measured frequency band has small shift towards higher frequency due to fabrication errors. Measured isolation between two orthogonal ports is ≥ 32 dB with peak isolation of 59 dB at 5.6825 GHz. Measured gain vs. frequency plot for port1 of 1B19T dual polarized space-fed antenna array is shown in Figure 8 (b). The antenna array has maximum measured gain of 17.8 dBi at 5.9 GHz, which is 0.3 dB less than the simulated gain due to finite ground plane. The measured E and H planes radiation patterns of 1B19T antenna array at 5.8 GHz are shown in Figure 9 . The antenna array has measured HPBW of 17 degrees in E-plane and 16 degrees in H-plane. The antenna array has measured SLL ≤ −13 dB and cross-polar levels ≤ −29 dB in E and H planes. The measured S-parameters, gain and radiation properties for port2 of antenna array are similar to that of port1 due to symmetry of antenna configuration for two ports. The 1B19T dual polarized space-fed antenna array performance is compared with other proposed configurations of dual polarized antenna arrays in Table 3 . The proposed space-fed antenna array has advantage of simple array design achieving broad bandwidth for two orthogonal ports. The antenna array has high isolation between two orthogonal ports and smaller cross-polar levels as compared to antenna arrays proposed in literature. The smaller cross-polar levels of proposed dual polarized antenna array is due to absence of feed networks for arrays. This results in no spurious radiation from feed achieving improvement in both isolation between two orthogonal ports and smaller cross-polar levels in E and H-planes.
CONCLUSION
This paper presents novel design of broadband dual polarized antenna arrays using electromagnetically coupled bottom radiating element and space-fed arrays of parasitic elements. The antenna arrays are designed without feed network for the excitation of two orthogonal modes of the array of parasitic elements resulting in improvement in isolation between two orthogonal ports. The absence of feed network also reduces spurious radiation from orthogonal feeds achieving smaller cross-polar levels. The space-fed dual polarized antenna array with one bottom radiating element and 19 top parasitic elements (1B19T) is fabricated and its performance is measured. The 1B19T antenna array has measured bandwidth of 10.7% and isolation ≥ 32 dB over entire bandwidth with maximum isolation of 59 dB. For finite ground plane of 200 mm × 200 mm, measured maximum gain of the antenna array is 17.8 dBi and cross-polar levels ≤ −29 dB.
